Similar to other invertebrate and vertebrate animals, cAMP-dependent signaling cascades are key components of long-term memory (LTM) formation in the snail Lymnaea stagnalis, an established experimental model for studying evolutionarily conserved molecular mechanisms of long-term associative memory. Although a great deal is already known about the signaling cascades activated by cAMP, the molecules involved in the learning-induced activation of adenylate cyclase (AC) in Lymnaea remained unknown.
Introduction
Pituitary adenylate cyclase-activating polypeptide (PACAP) was first isolated from ovine hypothalamic extracts, based on its ability to stimulate adenylate cyclase (AC) in the pituitary gland (Miyata et al., 1989) .
The distribution pattern of the bioactive forms of PACAP (PACAP27 and PACAP38) (Miyata et al., 1990) and their receptors in the CNS as well as the second messenger pathways activated by PACAP receptors (Vaudry et al., 2009) suggested that PACAP was involved in synaptic plasticity. Indeed, PACAP38 has been found to affect both synaptic plasticity and memory processes in a number of previous studies in vertebrates (Roberto and Brunelli, 2000; Telegdy and Kokavszky, 2000; Otto et al., 2001; Sacchetti et al., 2001; Jó zsa et al., 2005) .
PACAP and its receptors are remarkably highly conserved in invertebrates and vertebrates (Vaudry et al., 2009) and are present in the molluscan CNS, such as the central ganglia of the terrestrial snail Helix pomatia (Hernádi et al., 2008) and the pond snail Lymnaea stagnalis (Pirger et al., 2010) . Previously, we have found that long-term memory after single-trial classical reward conditioning in Lymnaea requires cAMP-activated protein kinase (PKA) . Moreover, both the AC activator forskolin and single-trial classical conditioning induce the phosphorylation of the cAMP response element binding protein (CREB) of this mollusk (Ribeiro et al., 2003) . These observations together indicated that similar to other systems (Kandel and Abel, 1995; Margulies et al., 2005) , activation of AC is a key step in long-term memory (LTM) formation in Lymnaea. However, there was no information available on the molecules involved in the learning-induced activation of AC in Lymnaea. Importantly, we have now demonstrated both the presence and biochemical activity of PACAP and its receptors in the Lymnaea nervous system (Pirger et al., 2010) . Here we tested the hypothesis that this recently identified PACAP-like peptide and its receptors in Lymnaea play a role in the formation of LTM after food-reward classical conditioning.
Lymnaea has many advantages for the experimental analysis of molecular pathways involved in associative LTM (Kemenes, 2008) . One of these advantages is that when the same food unconditioned stimulus (US), sucrose, is paired with different types of conditioned stimuli (CSs), classical conditioning results in either fast or slow food-reward learning. Thus, pairing amyl acetate with sucrose leads to LTM after a single trial (Alexander et al., 1984) , whereas pairing lip touch with sucrose leads to LTM only after Ͼ6 trials (Kemenes and Benjamin, 1989) . The availability of both a "strong" and a "weak" food-reward conditioning paradigm allowed us to perform both "loss of function" and "gain of function" type experiments in the same system. Here we used these food-reward conditioning paradigms to answer questions about both the necessity for PACAP for fast-forming LTM after single-trial chemical conditioning and whether or not it could boost LTM formation when applied in conjunction with multiple-trial tactile conditioning.
Materials and Methods
Experimental animals. Lymnaea stagnalis pond snails were bred at the University of Sussex. The snails, which are hermaphroditic, were maintained in large holding tanks filled with Cu 2ϩ -free water (also used throughout the experiments) at 18 -20°C with a 12 h light-dark cycle, and fed ad libitum on lettuce and a vegetable-based fish food (TETRA Werke). The animals were food deprived for 2 d before the beginning of the conditioning procedure.
Single-trial chemical classical conditioning. In this "strong" training paradigm, snails were trained using an established single-trial reward classical conditioning protocol (Alexander et al., 1984; Kemenes et al., 2002) , which is based on pairing a chemical CS with a food US. Before training, the snails were placed individually into Petri dishes containing 90 ml of water for a 10 min acclimatization period, so that a constant low level of spontaneous rasping (stereotyped feeding movements of the mouth) was reached in the novel environment (Kemenes and Benjamin, 1994) . For classical conditioning, 5 ml of amyl acetate solution (0.08% in water, the CS) was delivered into the dish using a plastic syringe and was followed 15 s later by 5 ml of sucrose solution (13.4% in water, the US). Snails remained in the CS ϩ US mixture for a further 105 s (thus the total time exposed to stimuli was 2 min). For unpaired training, snails were presented with the CS and the US with a 1 h interstimulus interval. After paired or unpaired training, the snails were placed into a tank of clean water and after 10 min transferred back to their home tanks. For testing, individual snails were taken from their home tanks using a blind procedure and placed in Petri dishes. After a 10 min acclimatization period, rasps were counted for 2 min (i.e., spontaneous rasping in the absence of the CS). Five milliliters of the CS were then applied to the dish, and rasps were counted for a further 2 min (i.e., rasping in the presence of the CS). The feeding response to the CS was defined as the number of rasps in the presence of CS minus the number of spontaneous rasps.
Multiple-trial tactile classical conditioning. In this "weak" paradigm, snails were trained using an established multiple-trial reward classical conditioning protocol (Kemenes and Benjamin, 1989; Staras et al., 1999) , which is based on pairing a tactile stimulus to the lips (the CS) with sucrose (the US). The pretraining treatment of the snails in this experiment was the same as described for the chemical conditioning paradigm. During each trial of the spaced tactile classical conditioning, the snails were first presented with a touch to the lips. As the animals were freely moving, the touch stimulus was presented using a hand-held probe with a tip made of a thin wedge of soft, flexible plastic (Staras et al., 1999) . The target zone on the lip structure was the median portion adjacent to the mouthparts including the leading edge of the lips as previously described by Staras et al. (1998) . Within 1 s of the presentation of the tactile CS, sucrose, the US, was presented (final concentration 13.4%). The pairing of touch with sucrose constituted one trial. After this, the animals were rinsed in a clean water tank to remove any residual sucrose before they were placed back into the home tank. Ninety minutes after the first trial, the animals received a second training trial followed by a third trial another 90 min later. This procedure was repeated on 3 consecutive days, so each snail received a total of nine pairings of the CS and US in a spaced manner. For explicitly unpaired control, on each day of the experiment snails received three presentations of the CS and US with a 10 min interstimulus interval.
For testing, individual snails were taken from their home tanks using a blind procedure and placed in Petri dishes. After a 10 min acclimatization period, rasps were counted for 2 min (i.e., spontaneous rasping). A touch was then applied to the lips, and rasps were counted for a further 2 min (i.e., the feeding response to the tactile CS).
Figure 1.
PACAP6-38 blocks the formation of memory after both single-trial chemical (a "strong" training paradigm) and multitrial tactile classical conditioning (a "weak" training paradigm) of feeding. A, Application of this PACAP receptor antagonist is effective in blocking memory formation when applied 120 min before or 8 min after single-trial chemical classical conditioning of feeding, but is ineffectivewhenappliedat6haftertraining.ThemeansoftheCS-evokedfeedingresponsesandtheSEMareshowninthisdiagramandall subsequent figures. In this figure, the mean baseline feeding response is shown as a dashed line and the SEM of the baseline response is shown as a gray band. Asterisks indicate significant differences from the unpaired baseline level. Test statistics were as follows: one-way ANOVAs: injection 120 min before training, F (2,70) ϭ 23.8, p Ͻ 0.0001; Tukey's test between paired ϩ saline and unpaired baseline, p Ͻ 0.001;Tukey'stestbetweenpairedϩPACAP6-38andunpairedbaseline,pϾ0.05(n.s.).Injection8minaftertraining,F (2,49) ϭ13.9,pϽ 0.0001,Tukey'stestbetweenpairedϩsalineandunpairedbaseline,pϽ0.001;Tukey'stestbetweenpairedϩPACAP6-38andunpaired baseline, p Ͼ 0.05 (n.s.). Injection 6 h after training, F (2,52) ϭ 16.3; Tukey's test between paired ϩ saline and unpaired baseline, p Ͻ 0.001; Tukey's test between paired ϩ PACAP6-38 and unpaired baseline, p Ͻ 0.001. B, PACAP6-38 is also effective in blocking memory formation after multitrial tactile classical conditioning of feeding. The responses are calculated as differences between the spontaneous rasping rates in water and the rasping rates after the delivery of the conditioned stimulus. Without training, lip touch has a mild inhibitory effect on spontaneous rasping (Kemenes and Benjamin, 1989) , so in the case of tactile stimulation, the rates after the application of the stimulus can also take negative values (also see Figs. 2-5). Test statistics were as follows: one-way ANOVA, F (2,57) ϭ 8.9, p Ͻ 0.0004; Tukey'stestbetweenpairedϩsalineandunpairedbaseline,pϽ0.01;Tukey'stestbetweenpairedϩPACAP6-38andunpairedbaseline, p Ͼ 0.05 (n.s.). Asterisks indicate significant differences from the unpaired baseline level.
Treatment of intact animals with a PACAP receptor antagonist or PACAP and with PACAP and actinomycin-D.
As part of the single-trial chemical classical conditioning experiments, groups of trained animals were treated with the PACAP receptor inhibitor PACAP6-38 (0.6 M final concentration) or saline either 120 min before or 8 min or 6 h after training.
As part of the multitrial tactile classical conditioning experiments, groups of trained as well as naive and unpaired control animals were injected with PACAP38 (1.1 M final concentration) or saline 60 min before the first trial. In one experiment, groups of trained animals were injected with either PACAP38 (1.1 M final concentration) or saline 60 min before the first trial or with PACAP38 60 min before training followed by injection of PACAP6-38 (2.5 M final concentration) or saline at 8 min after the first trial. In another type of experiment, groups of trained animals were injected with PACAP6-38 (2.5 M final concentration) or saline at 8 min after the first trial, without pretreating the same animals with PACAP38. In a final type of experiment using multitrial classical conditioning, groups of trained animals were injected with a mixture of PACAP and actinomycin-D (Act-D), a transcriptional blocker, or PACAP or saline 60 min before the first trial, and the animals were tested for memory 90 min and 18 h after three training trials. Drug treatments were performed using previously published methods Fulton et al., 2005) .
Statistical methods. After appropriate tests were run to verify that the data collected from the experiments were normally distributed, we used parametric statistical methods to assess significance levels.
Pretreatment and posttreatment differences within the same groups were analyzed by paired t tests. Differences between two independent groups were analyzed by unpaired t tests.
Multiple comparisons were made by one-way ANOVA followed by Tukey's post hoc tests to determine pairwise differences among the groups used in the experiment.
Two-way ANOVAs were used to analyze interactions between the type of behavioral treatment (paired or unpaired training) and pharmacological treatment (drug or vehicle) used in the experiments. Bonferroni's post hoc tests were used to determine the sources of significant effects revealed by the two-way ANOVA. Differences were considered significant at p Ͻ 0.05. All statistical analyses were performed using GraphPad Prism.
Peptide synthesis. PACAP38 and PACAP6-38 were synthesized in the Department of Medical Chemistry, University of Szeged, which has specialist industry-standard expertise in synthesizing peptides. It has all the necessary infrastructure and expert knowledge to prepare a large variety of different peptides. Every peptide synthesized in this department undergoes rigorous quality control based on HPLC techniques and sequence analysis using electrospray ionization mass spectrometry techniques. Another important reason for synthesizing PACAP38 and PACAP6-38 in-house was that these peptides have been successfully used in our previous work (Pirger et al., 2010) to demonstrate that PACAP and its receptors are present and biochemically active in the CNS of Lymnaea, independent of any behavioral assays.
The synthesis of PACAP38 and PACAP6-38 was performed using a solid-phase procedure using t Boc chemistry. Peptide chains were elongated on a 4-methylbenzhydrylamine resin (0.48 mmol/g), and the synthesis was performed using an ABI 430 machine. Coupling steps were monitored using quantitative ninhydrin tests. Crude peptides were purified by reverse-phase HPLC (RP-HPLC) using Nucleosil C18 columns. Collected fractions corresponding to PACAP were pooled and lyophilized (purity Ͼ98%) and analyzed using analytical RP-HPLC and matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry.
Results
In Lymnaea, food-reward classical conditioning with amyl acetate (CS) and sucrose (US) works with just a single trial (Alexander et al., 1984) . In contrast, food-reward classical conditioning with lip touch as the CS and sucrose as the US is a "weak" paradigm, leading to robust LTM only after 6 -10 spaced trials (Kemenes and Benjamin, 1989; Staras et al., 1998) . The availability of both a "strong" and a "weak" food-reward conditioning paradigm in the same system provided us with an opportunity to test whether or not PACAP was required for memory formation after the two different types of classical conditioning procedures. Importantly, the availability of the multitrial tactile conditioning paradigm also provided us with an opportunity to test whether or not treatment with PACAP can boost memory formation during this "weak" paradigm.
The PACAP receptor antagonist PACAP6-38 inhibits memory formation after both single-trial chemical and multitrial tactile food-reward conditioning
We used PACAP6-38 to test the hypothesis that the recently identified endogenous Lymnaea PACAP (Pirger et al., 2010) plays an important role in the early physiological processes of memory formation after food-reward conditioning.
First, in an experiment conducted on 10 animals, we established that treatment with PACAP6-38 (0.6 M final concentration) has no significant effect on the feeding response to sucrose, the US, at the time of training (feeding score 120 min before 8,pϭ0.27and0.18,respectively) .Thelackofasignificant effect of the training factor means that without PACAP treatment, there is no significant memory expressionat90minevenwhentheanimalshavebeenclassicallyconditioned.Thelackofasignificant effect of the injection factor, on the other hand, means that PACAP treatment alone does not result in an enhanced feeding response to the CS. Bonferroni's post hoc tests confirmed that, when compared againsttheeffectofsaline,PACAPonlyhadasignificanteffectinthepairedgroup(tϭ3.6,pϽ0.01). Unpaired group, tϭ0.7, pϾ0.05 (n.s.); naive group,tϭ0.0, pϾ0.05 (n.s.). The asterisk indicates the significant change resulting from the interaction between PACAP treatment and classical conditioning.
injection, 19.3 Ϯ 2.3 rasps/2 min; feeding score 120 min after injection, 22.6 Ϯ 3.4 rasps/2 min; paired t test, df ϭ 9, t ϭ 0.86, p ϭ 0.4).
We then injected groups of intact animals with PACAP6-38 (0.6 M final concentration) or saline 120 min before, 8 min after, or 6 h after single-trial classical conditioning and tested the conditioned response to amyl acetate, the CS, 24 h after training by comparing it against the response level in an unpaired control group (Fig. 1A) . These experiments showed that injection with the PACAP receptor antagonist 120 min before (n ϭ 20) or 8 min after (n ϭ 11) training prevented memory formation (CS responses in trained animals at 24 h after training not significantly different from unpaired control, n ϭ 27). However, animals injected with PACAP6-38 6 h after training showed no memory impairment at the 24 h posttraining test (Fig. 1 A) . Both the saline-injected group (n ϭ 15) and the group injected with the PACAP receptor antagonist (n ϭ 11) showed significantly higher levels of feeding response to the CS than the unpaired control group. These experiments demonstrated that PACAP-dependent processes play an important role in the acquisition and early consolidation of LTM after single-trial classical conditioning in Lymnaea.
The effect of PACAP6-38 was also tested using the tactile conditioning paradigm. Similar to the amnesic effect of PACAP6-38 on memory after single-trial chemical food-reward classical conditioning, animals treated with the PACAP receptor antagonist before the first trial showed a significant memory impairment after nine trials when compared to salinetreated conditioned animals (Fig. 1 B) . These experiments demonstrated that in Lymnaea, both the rapid formation (after a single trial) of memory after chemical food-reward conditioning and the much slower formation (after nine trials) of memory after tactile food-reward conditioning are dependent on PACAP around the time of training. However, the use of the "weak" tactile conditioning paradigm also allowed us to test the effect of exogenous PACAP on memory formation.
PACAP accelerates memory formation during multiple-trial tactile food-reward conditioning
Three different groups of animals were used in this experiment. In the main experimental group ("paired group"), animals were injected with PACAP38 or saline 60 min before three training trials with the lip-touch CS and sucrose US (interstimulus interval Ͻ 1 s) given at 90 min intertrial intervals (Fig. 2 A) . On each of 2 further days following the first day of training, three more trials were given. All animals were first tested with the liptouch CS alone 90 min after the third trial ( Fig. 2 A) . Memory tests also were performed 18 h after three, six, and nine trials. In the main control group ("explicitly unpaired group"), the treatment and test regime was the same as in the paired group and the total number of trials was also the same (3 ϫ 3), but the CS and US were separated by a 10 min interval (as opposed to the Ͻ1 s interval used in the paired group). In a second control group ("naive group"), animals were injected with PACAP38 or saline and then tested with lip touch at the same time intervals as the animals in the two other groups. The use of these three different groups allowed us to establish whether or not PACAP affected the process of associative learning itself rather than either changing the animals' response to the lip touch as a result of nonassociative processes triggered by the CS or US (explicitly unpaired group) or simply enhancing it even in the absence of these stimuli (naive group).
These experiments revealed a significant enhancement of the conditioned feeding response to touch in the paired group that had been pretreated with PACAP38 compared to salinetreated animals also subjected to paired training. Exogenous PACAP enhanced both the 90 min (Fig. 2 B) and 18 h (Fig. 3 ) memory after as few as three trials and induced a significant progressive increase in 18 h memory in conjunction with increasing numbers of training trials (Fig. 3) . Importantly, PACAP treatment did not enhance the feeding response to lip Figure 2 A, but the test (lip touch only) was performed 18 h after the last trial. The graphs show the feeding responses to the test lip touch in paired and unpaired groups of animals after increasing numbers of trials or at corresponding time points in the naive control group (indicated by the number of trials shown between inverted commas). Test statistics were as follows: two-way ANOVA for interaction, 3 trials ϩ 18 h, F (2,66) ϭ 5.6, p Ͻ 0.005, 6 trials ϩ 18 h, F (2,66) ϭ 4.7, p Ͻ 0.01, 9 trials ϩ 18 h, F (2,64) ϭ 3.9, p Ͻ 0.02; two-way ANOVA for training, 3 trials ϩ 18 h and 6 trials ϩ 18 h, F (2,66) ϭ 1.3 and 1.9, p ϭ 0.27 and 0.14, respectively (n.s.), 9 trials ϩ 18 h, F (2,64) ϭ 13.6, p Ͻ 0.0001; two-way ANOVA for injection, all differences are n.s. (3 trials, F (2,66) ϭ 1.8, p ϭ 0.18; 6 trials, F (2,66) ϭ 1.5, p ϭ 0.22; 9 trials, F (2,64) ϭ 0.7, p ϭ 0.39). The lack of a significant effect of the training factor in the experiments with 3 and 6 trials means that without PACAP treatment, there is no significant memory expression at 18 h even when the animals have been classically conditioned. The lack of a significant effect of the injection factor in all three experiments (3, 6, and 9 trials) means that PACAP treatment alone does not result in an enhanced feeding response to the CS. Bonferroni's post hoc tests confirmed that, when compared against the effect of saline, PACAP only had a significant effect in the paired groups (3 trials, t ϭ 3.8, p Ͻ 0.01; 6 trials, t ϭ 3.5, p Ͻ 0.01; 9 trials, t ϭ 2.9, p Ͻ 0.05). Unpaired groups, 3 trials, t ϭ 0.8, p Ͼ 0.05 (n.s.); 6 trials, t ϭ 0.8, p Ͼ 0.05 (n.s.); 9 trials, t ϭ 1.09, p Ͼ 0.05 (n.s.). Naive groups, "3 trials", t ϭ 0.2, p Ͼ 0.05 (n.s.); "6 trials", t ϭ 0.1, p Ͼ 0.05 (n.s.); "9 trials", t ϭ 0.0, p Ͼ 0.05 (n.s.). Asterisks indicate significant changes resulting from the interaction between PACAP treatment and classical conditioning. The hash symbol indicates the significant effect arising solely from classical conditioning after 9 trials. One-way ANOVA, F (2,34) ϭ 6.7, p Ͻ 0.04. Tukey's post hoc tests, paired versus unpaired, p Ͻ 0.05; paired versus naive, p Ͻ 0.01; unpaired versus naive, p Ͼ 0.05 (n.s.). touch in animals of the unpaired and naive control groups either in the shorter (90 min) ( Fig. 2 A) or longer (18 h) ( Fig. 3) term, indicating that PACAP alone is not sufficient for the enhancement of the response, it only works in conjunction with classical conditioning (i.e., it is instructive for memory formation).
The importance of the interaction between PACAP treatment and associative training for the observed memory enhancement was tested by two-way ANOVAs, where the first factor was training (paired, unpaired, or naive) and the second factor was injection (PACAP or vehicle). These statistical tests revealed a significant interaction between PACAP treatment and associative training in both the 90 min (Fig. 2) and 18 h (Fig. 3 ) memory tests but no significant effects for either training or injection alone, except when, 18 h after nine trials, the saline-injected trained animals too started showing long-term memory (Fig. 3) . In each case, Bonferroni's post hoc tests confirmed that only in the paired group did PACAP have a significant effect on the posttraining feeding response to touch (Figs. 2, 3) .
The detection of enhanced memory as early as 90 min after three trials in the PACAP-treated animals raised the important question of whether this PACAP-boosted early memory trace was dependent on gene transcription and could therefore be regarded as long-term memory. We therefore performed a new set of experiments that demonstrated that treatment of animals with actinomycin-D significantly impaired the formation of PACAPboosted memory tested at 90 min, as well as 18 h after three trials (Fig. 4) .
The memory-boosting effect of exogenous PACAP is mediated by an endogenous PACAP receptor in the Lymnaea nervous system
The single-trial and multitrial conditioning and PACAP6-38 injection experiments strongly indicated that binding of an endogenous PACAP-like peptide to a PACAP receptor is necessary for LTM, and the multitrial experiments also showed that exogenously boosting PACAP levels boosts memory formation. How-ever, it was important to elucidate whether or not exogenously applied PACAP affected memory formation by binding to these putative endogenous PACAP receptors. Therefore in a final experiment, we injected trained animals with PACAP6-38 (2.5 M final concentration) 8 min after the first trial and following injection with PACAP (1.1 M final concentration) 60 min before training. Both short-term and long-term conditioned responses were tested after three trials and compared with responses in trained groups that were injected with PACAP or saline 60 min before training and then with saline 8 min after the first trial.
Both the 90 min and 18 h posttraining memory boosting effect of exogenous PACAP was abolished when application of PACAP before training was followed by application of PACAP6-38 after the first training trial (Fig. 5) . This finding provides strong support to the notion that the memory boosting effect of PACAP is mediated by an endogenous vertebrate-like PACAP receptor in the nervous system of Lymnaea.
Discussion
In this work, we have identified PACAP as an important polypeptide involved in the acquisition and early consolidation of associative LTM after single-trial chemical and multitrial tactile food-reward classical conditioning in Lymnaea. Importantly, we also have shown that systemic application of exogenous vertebrate PACAP accelerates the formation of transcriptiondependent memory during multitrial classical conditioning and this effect is dependent on PACAP binding to PAC1-like receptors endogenous to the Lymnaea nervous system.
Previous behavioral studies in vertebrates already have found that PACAP was necessary for memory formation after certain learning tasks [formation of olfactory memory in the chick (Jó zsa  et Test statistics were as follows: 90 min test, one-way ANOVA F (2,50) ϭ 17.5, p Ͻ 0.0001; Tukey's (PACAP vs both PACAP ϩ Act-D and saline), p Ͻ 0.001. 18 h test, one-way ANOVA F (2,50) ϭ 4.1, p Ͻ 0.02; Tukey's (PACAP ϩ saline versus both PACAP ϩ Act-D and saline), p Ͻ 0.05. Figure 5 . The memory-boosting effects of exogenously applied PACAP38 are blocked by the PACAP receptor antagonist PACAP6-38. Memory tests were performed at 90 min and 18 h after 3 trials. Test statistics were as follows: 90 min test, one-way ANOVA F (2,38) ϭ 6.5, p Ͻ 0.004, Tukey's (PACAP ϩ saline versus both PACAP ϩ antagonist and saline ϩ saline), p Ͻ 0.05. 18 h test, one-way ANOVA F (2,38) ϭ 7.6, p Ͻ 0.002, Tukey's (PACAP ϩ saline versus both PACAP ϩ antagonist and saline ϩ saline), p Ͻ 0.05. , 2000; Sacchetti et al., 2001) ]. In Drosophila, the famous amnesiac gene encodes a homolog of vertebrate PACAP, and it is strongly expressed in dorsal paired medial neurons, which are required for stable memory (Waddell et al., 2000) . Our new work, however, is the first to show that PACAP is both necessary and instructive for fast and robust memory formation after classical conditioning in the same organism. Moreover, our work is the first to directly demonstrate important roles for PACAP in learning and memory in an invertebrate animal, indicating that these roles emerged early in coelomate evolution. Previously, we have presented biochemical evidence for the ACactivating effect of PACAP in Lymnaea CNS homogenates and MALDI-TOF evidence for the existence of Lymnaea PACAP peptides highly homologous to their vertebrate counterparts (Pirger et al., 2010) . We also have provided immunohistochemical evidence for the presence of PACAP in the lip sensory epithelium, lip nerves, and cerebral ganglia (Pirger et al., 2010) , and now we also have shown a role for PACAP in learning and early memory consolidation in intact Lymnaea. These four types of experiments together provide comprehensive evidence for both the existence of PACAP in the Lymnaea peripheral nervous system and CNS and its function in associative behavioral plasticity. The immunohistochemical tests that showed abundant PACAP expression in afferent fibers of the lip to cerebral ganglion chemosensory pathways and in the cerebral neuropile (Pirger et al., 2010 ) lent further strong support to the notion that PACAP plays a role in processes of sensory integration, which are important components of foodreward learning.
Kokavszky
A model of the PACAP-activated molecular cascades of memory formation after food-reward classical conditioning in Lymnaea Previous molecular, behavioral, pharmacological, and electrophysiological analyses already have identified a number of receptors, ion channels, and signaling molecules involved in the acquisition as well as early and/or late consolidation of associative LTM after food-reward classical conditioning in Lymnaea Ribeiro et al., 2003 Ribeiro et al., , 2005 Ribeiro et al., , 2008 Fulton et al., 2005; Korneev et al., 2005; Michel et al., 2008; Nikitin et al., 2008; Wan et al., 2010) . Our new findings have now made it possible to construct a model of the interacting components involved in the formation of long-term associative memory after foodreward classical conditioning in Lymnaea (Fig. 6) . With regards to the role of PACAP, the most important of these components are PKA, MAPK, NOS/NO, CaMKII, and NMDA receptors (Fig. 6) . The activation of these molecules is necessary for early consolidation of long-term memory Ribeiro et al., 2005; Michel et al., 2008; Wan et al., 2010) , and all of them can be linked, either directly or indirectly, to the initial activation of AC (Fig. 6) .
A number of previous studies in vertebrates have shown that the cAMP/PKA system and the NOS/NO/ cGMP/PKG systems are activated in parallel and make distinct contributions to long-term memory (Quevedo et al., 1997) and its cellular correlates, such as LTP (Lu et al., 1999; Jacoby et al., 2001; Lu and Hawkins, 2002) . Our previous work Michel et al., 2008) suggests a similar parallel role for PKA and NO in LTM after single-trial classical conditioning in Lymnaea, and our new work now suggests that a PACAPmediated activation of AC underlies the activation of PKA by cAMP (Fig. 6) .
PACAP-mediated activation of AC is also known to be involved in PKA-mediated activation of voltage-sensitive calcium channels in both vertebrates (Wong et al., 2005) and invertebrates (Bhattacharya et al., 2004) and resulting calcium influx, which may underlie the activation of NOS and CaMKII (Fig. 6) . Recent work by others has shown that PACAP is involved in the PKA-mediated activation of NMDA receptors in the hippocampus (Yaka et al., 2003; Macdonald et al., 2005) . Previous work in our laboratory and by others has shown that activation of NMDA receptors is necessary for the formation of associative LTM in invertebrates [Aplysia, Murphy and Glanzman (1999) ; Drosophila, Xia et al. (2005) ; Lymnaea, Jami et al. (2007) , Wu et al. (2007) , and Wan et al. (2010) ], and we now hypothesize that invertebrate PACAP-like peptides play a mechanistic role in the learninginduced activation of NMDA receptors similar to that previously described in the hippocampus. Nikitin et al. (2006) ; CREB, Ribeiro et al. (2003) and Sadamoto et al. (2004) ; MAPK, Ribeiro et al. (2005) ; Na ϩ , Ca 2ϩ , and K ϩ channels, Staras et al. (2002) and Nikitin et al. (2008) ; NOS and NO, Kemenes et al. (2002) and Korneev et al. (2005) ; PKA, G. ; RNA and protein synthesis, Fulton et al. (2005) ; sGC, Ribeiro et al. (2008) and Michel et al. (2008) ], are shown boxed. G, G-Protein; DA, dopamine; 5-HT,serotonin;MAPK,mitogen-activatedproteinkinase;CaMKII,calcium/calmodulin-dependentkinaseII;NOS,nitricoxidesynthase;NO, nitric oxide; sGC, soluble guanylyl cyclase; PKG, cGMP-activated protein kinase; PCREB, phosphorylated cAMP response element-binding protein; C/EBP, CCAAT enhancer-binding protein.
Using in vitro analogs of learning (e.g., heterosynaptic facilitation in Aplysia), PKA was shown to be activated by cAMP (Bacskai et al., 1993; Müller and Carew, 1998; Chain et al., 1999; Lee et al., 2009) , but work in insects has demonstrated a strong link between NO/cGMP and cAMP-independent activation of PKA during the formation of behavioral associative memory (Müller, 2000; Matsumoto et al., 2009 ). This cGMP-mediated PKA activation occurs in the absence of sufficient levels of cAMP, so we can speculate that when endogenous or exogenous PACAP activates AC in Lymnaea during learning, the role for NO/cGMP in direct activation of PKA is negligible. However, in the absence of exogenously applied PACAP38, the NO/cGMP-dependent activation of PKA may be predominant during multitrial tactile conditioning in Lymnaea, making this paradigm similar to multitrial olfactory conditioning in the honeybee (Müller, 2000) . Interestingly, when cAMP was directly released by flash photolysis in conjunction with single-trial olfactory conditioning in the honeybee (Müller, 2000) , this had an accelerating effect on the formation of LTM, similar to that observed in our experiments after the application of PACAP38.
Adenylate cyclase-activating neuropeptides other than PACAP already have been shown to play important roles in in vitro analogs of learning in Aplysia. The endogenous small cardioactive peptides SCP A and SCP B of Aplysia were shown to modulate the gill and siphon withdrawal reflex by presynaptic facilitation involving a cAMP-dependent mechanism (Abrams et al., 1984) . Activation of AC by the cardioactive peptides and serotonin occurs in parallel, the former being more involved in the facilitation of polysynaptic pathways and the latter having a stronger effect on monosynaptic pathways (Trudeau and Castellucci, 1992) of the gill-siphon withdrawal reflex. Although close homologs of the Aplysia SCP A and SCP B exist in Lymnaea (Perry et al., 1999) , the role of these peptides or 5-HT in memory formation after foodreward conditioning has not yet been investigated in Lymnaea. However, we cannot rule out that similar to Aplysia, several peptide and nonpeptide transmitter and modulator molecules are also capable of activating AC via different G-protein-coupled receptors (Fig. 6 ).
Pretraining application of PACAP6-38 resulted in a complete abolition of memory after both single-trial chemical and multitrial tactile conditioning ( Fig. 1) but not in a loss of the unconditioned feeding response. Based on this finding, it is tempting to speculate that PACAP is released in response to the chemical and tactile conditioned stimuli, whereas similar to what was found in Aplysia, the effect of the unconditioned stimulus on AC may be mediated by different peptide or nonpeptide transmitters, such as SCPs or 5-HT (Trudeau and Castellucci, 1992) or DA (Nargeot et al., 1999; Brembs et al., 2002) . We hypothesize that in Lymnaea, the PACAP-mediated effect of the chemical or tactile CS and the non-PACAP mediated effect of sucrose US converge on AC (Fig.  6 ), and this convergence provides the molecular basis for coincidence detection, a fundamental requirement for associative learning. Lymnaea is known to differentiate learning with amyl acetate (I. from learning with touch (Jones et al., 2003) at the neuronal level within the same network (the feeding circuitry), but there is no evidence for a similar differentiation at the molecular level within the same neuron. Thus, the same molecules (e.g., PACAP) can fulfill the same role (e.g., activation of AC) in different neurons, leading to learning-induced changes in a variety of different pathways (e.g., activated by touch vs activated by amyl acetate).
